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I.  INTRODUCTION 


The  X-ray-driven  currents  in  several  subminiature  coaxial  cables  [l], 

single  braid -shielded  wires  [z],  and  braid -shielded  multiconductor  cables 

[z,  3]  have  been  reported.  The  currents  induced  in  these  cables  ranged  from 
-14  _13 

10  to  10  coul/rad(Si)-cm  and  were  found  to  depend  primarily  on  the 
separation  (gap)  between  the  braid  wires  and  the  polymer  dielectric.  The 
responses  of  two  spline -dielectric  semirigid  cables  [z]  were  comparable  to 
those  of  the  braid-shielded  coaxial  cables  because  of  the  large,  well-defined 
gaps  between  the  outer  shield  and  the  dielectric. 

This  paper  reports  the  response  values  for  several  solid  dielectric 
semirigid  cables.  The  cables  examined  differed  in  size,  shield  and  center 
conductor  materials,  and  impedance.  The  variation  in  response  with  the 
spectrum  of  the  incident  radiation  was  also  investigated,  and  the  experimental 
results  were  compared  with  the  predicted  response  variations. 


II.  DPF  CABLE  TEST  ARRANGEMENT 


The  cable  response  measurements  were  taken  on  the  Mk  V device  in  the 
Dense  Plasma  Focus  (DPF)  facility  at  The  Aerospace  Corporation.  The  Mk  V 
DPF  device  and  the  experimental  arrangement  for  DPF  irradiation  of  cable 
samples  have  been  described  previously  [z].  To  observe  the  low  response  of 
the  semirigid  cable  samples  (at  least  a factor  of  1 0 below  that  of  a typical 
braid-shielded  cable),  it  was  necessary  to  expose  70  to  100  cm  of  cable,  coil- 
ing the  sample  as  shown  in  Fig.  1.  The  X-ray-induced  signals  were  fed  into 
a low-noise,  wide -band  amplifier  before  transmission  to  the  screen  room 
through  RG  55  cable  carried  in  a copper  conduit.  The  signals  were  recorded 
on  Tektronix  7904  and  7844  oscilloscopes,  as  indicated  in  Fig.  2. 

The  test  spectra,  shown  in  Fig.  3,  were  obtained  by  filtering  the  initial 
spectrum  (spectrum  O)  transmitted  by  the  0.  152-cm-thick  aluminum  window 
of  the  sample  chamber.  The  spectrum  designations  and  the  corresponding 
filters  are  as  follows:  (1)  0.  155-cm  aluminum,  (2)  0.  013-cm  copper, 

(3)  0.025-cm  copper,  (4)  0.  038-cm  copper,  and  (5)  0.053-cm  copper.  (The 
copper  filters  were  covered  with  ~0.025-cm  aluminum  to  eliminate  copper 
fluorescent  emission.  ) The  incident  radiation  was  monitored  with  a 20-gm 
silicon  PIN  diode  mounted  at  the  center  of  the  cable  coil.  Variation  of  the 
X-ray  fluence  across  the  coil  was  ^5%  because  of  the  relatively  large  distance 
(~17  cm)  between  the  sample  and  the  radiation  source. 

For  easier  comparison  with  the  data  reported  elsewhere,  the  cable 
response  data  given  here  has  been  normalized  to  the  dose  in  silicon  at  the  ex- 
ternal shield  surface.  The  original  measurements  were,  in  effect,  normalized 
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Fig.  1.  Coiled  Cable  Sample 


to  the  dose  inside  the  cable  shield  by  placing  over  the  PIN  diode  an  additional 
filter,  equivalent  to  the  cable  shield  thickness  and  material;  this  was  done  to 
reduce  the  scatter  caused  by  temporal  variations  in  the  DPF  spectrum  and  to 
prevent  saturation  of  the  PIN  diode.  The  measured  data  was  renormalized  to 
the  external  dose  by  calculating  the  ratio  rads(outside  )/rads(inside)  for  each 
incident  spectrum. 

All  measurements  were  taken  with  one  end  of  the  cable  unterminated, 
as  shown  in  Fig.  2.  Each  cable  sample  was  irradiated  in  vacuum  (<10"^  Torr). 
The  response  data  given  below  were  obtained  with  preirradiated  cable,  prior 
irradiation  occurring  during  the  DPF  preparatory  shots;  no  first  shot  response 
data  were  recorded  in  this  study.  In  a recent  investigation  of  this  effect,  it 
was  concluded  that  anomalous  responses  can  occur  in  a semirigid  cable  if  the 
cable  is  tightly  coiled,  because  semipermanent  air  gaps  are  created  at  the 
dielectric -metal  interfaces  [4]. 
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A list  of  the  cables  tested  in  this  study  and  a summary  of  their  physical 
characteristics  are  given  in  Table  I.  All  cables  are  from  manufacturers' 


stock  except  cables  A and  B,  which  are  special  cables  used  by  the  Air  Force 
Weapons  Laboratory  in  electromagnetic  pulse  (EMP)  sensor  instrumentation. 
All  cables  are  of  semirigid  construction  except  cable  I,  which  has  an  inner 
shield  of  tape-wrapped  copper  foil  covered  with  a flexible  wire  braid;  this 
cable  was  included  in  the  study  because  it  is  functionally  equivalent  to  stan- 
dard semirigid  cables  (except  that  it  is  flexible)  and  like  them  has  a minimal 
dielectric -metal  separation.  All  cable  impedances  are  50  f!  except  that  of 
cable  B,  which  is  100  Q.  All  cables  have  a teflon  dielectric  except  cable  F, 
which  has  irradiated  polyolefin. 


Table  I.  Semirigid  Coaxial  Cables 


IV.  MCCABE  CODE  DESCRIPTION 


The  MCCABE  code  was  used  to  obtain  the  predicted  values  of  the  semi- 
rigid cable  responses  given  in  Figs.  4a  through  4i.  This  code  was  originally 

developed  by  TRW  to  predict  differential  mode  currents  in  multiconductor 
cable  bundles  exposed  to  X-rays  and  was  subsequently  verified  by  tests  con- 
ducted in  the  Simulation  Physics  SPI-5000  flash  X-ray  environment  [5l. 

The  effect  of  X -ir radiation  is  to  drive  electrons  from  the  conductor 
surfaces  and  deposit  them  in  the  surrounding  dielectric  materials,  thus 
stimulating  the  flow  of  replacement  currents.  The  equivalent  circuit  which 
describes  electron  deposition  and  replacement  currents  in  an  elemental 
length  of  N-conductor -plus  - shield  cable  consists  of  N Norton  equivalent 
drivers  and  of  N(N  + l)/2  capacitances.  A Norton  driver  is  the  short-circuit 
current,  i.e.,  the  individual  wire  current  which  would  flow  to  ground  (assumed 
to  be  the  shield)  through  a low  impedance  load.  The  capacitances  connect  all 
pairs  of  conducting  surfaces.  Such  an  equivalent  circuit  is  valid  under  the 
following  conditions: 

1.  Propagation  is  TEM,  i.e.,  the  electric  field  is  derivable 
from  a scalar  potential. 

2.  Propagation  is  lossless  (resistivity,  polarization  losses,  and 
radiation -induced  dielectric  conductivity  must  be  negligible). 

3.  Electron  transport  is  independent  of  local  fields,  i.e.,  the 
collisional  stopping  power  controls  electron  deposition. 

The  MCCABE  code  calculates  Norton  drivers  and  capacitances  for  a 
cable  geometry  in  which  all  conductor  surfaces  are  cylindrical.  Electron 
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CABLE  RESPONSE,  x 1 0- 1 6 coul/rad 


deposition  is  found  by  using  analytic  transport  data  from  Dellin  and  MacCallum 
lb].  Electrons,  emitted  from  each  conductor  with  specified  energy  and  angular 
distributions,  cross  gaps  (where  they  exist)  and  penetrate  into  dielectrics. 

The  contribution  to  the  Norton  drivers  due  to  electron  deposition  at  a given 
point  is  found  by  applying  Green's  reciprocation  theorem  and  using  a solution 
of  Laplace's  equation.  The  Laplace  equation  solution  in  the  multiconductor 
geometry  is  obtained  from  a circular  harmonic  expansion  of  the  integral  equa- 
tion solution  to  the  Laplace  equation,  followed  by  a matrix  inversion  to  obtain 
the  expansion  coefficients.  Application  of  the  code  is  simple  in  the  case  of  a 
coaxi  ' cable,  where  N = 1. 

fore  the  MCCABE  code  was  applied  to  the  cables  listed  in  Table  I, 
a sa  of  each  cable  was  sectioned  and  examined  with  a projection  micro- 

scope .it  1000X  for  gaps  at  the  interfaces.  Gaps  were  detected  in  only  a few 
cables  and  only  at  the  center  conductor;  the  gaps  ranged  from  ~2.  5 pm,  the 
detection  limit,  to  ~12  pm  at  points  around  the  circumference.  Mean  gap 
values  were  estimated  and  used  in  the  code  predictions. 


*In  the  strictest  sense,  the  Dellin  and  MacCallum  formalism  applies  only  when 
cable  materials  are  at  least  one  electron  range  thick;  the  silver  flashings  on 
the  center  conductors  are  usually  less  than  this.  For  this  situation,  an 
algorithm  based  on  an  approximate  solution  to  the  Spencer  - Lewis  transport 
equation  was  developed;  details  are  given  in  the  Appendix. 
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V.  RESULTS  AND  DISCUSSION 


The  radiation  responses  of  the  cables  are  given  in  Figs.  4a  through  4i 
as  a function  of  the  incident  X-ray  spectrum.  The  heavy  points  represent  the 
average  values  from  a number  of  shots;  the  bars  indicate  the  range  of  the 

measured  values.  (The  scatter  in  the  data  is  the  result  of  temporal  variations 
in  the  DPF  spectrum;  measurement  uncertainties  are  ~10%.  ) Fig.  4 also  in- 
cludes the  responses  predicted  by  the  MCCABE  code  (indicated  by  the  dashed 
lines  on  the  charts)  and  the  assumed  average  gap  sizes.  No  predictions  were 
made  for  cables  F or  I. 

All  cable  theories  predict  a negative  response  for  a gapless  semirigid 
cable  with  identical  conductor  materials.  In  reality,  a truly  gapless  cable 
cannot  be  made;  since  the  penetration  range  of  a 30-keV  electron  in  solid  tef- 
lon is  ~4  pm,  a gap  only  a few  microns  wide  will  dominate  the  electron  trans- 
port and  hence  the  induced  response. 

This  effect  is  clearly  illustrated  by  the  positive  responses  of  cables  A, 

B,  and  C.  These  cables  were  made  by  sleeving  an  aluminum  wire  w'ith  an 
appropriate  teflon  tube,  sliding  the  insulated  wire  into  a shield  of  aluminum, 
and  then  collapsing  the  tubing  onto  the  dielectric  by  drawing  the  cable  through 
a sizing  die.  Because  of  the  low  tensile  strength  of  the  aluminum  center  con- 
ductors, the  swaging  forces  used  were  much  less  than  those  used  in  the  manu- 
facture of  cables  D and  E,  which  have  stronger  center  conductors.  (Cables  A 
through  E were  made  by  the  same  manufacturer.  ) 
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The  response  of  cable  A was  somewhat  less  than  that  predicted  from  the 
gap  measurements;  considering  the  small  negative  response  at  the  softest 
spectrum,  this  was  probably,  caused  by  residual  gas  trapped  within  the  gaps. 
The  predicted  response  of  cable  B,  base4  on  the  bette r -defined  gaps  in  that 
cable,  was  in  excellent  agreement  with  the  data.  Cable  C,  although  it  had  no 
detectable  gaps,  gave  a positive  response  which  lay  between  the  predicted 
values  based  on  no  gap  and  a 2.  5 -pm  (detection  limit)  gap.  The  response  of 
cable  D was  negative,  as  theory  would  predict.  However,  the  response  was 
several  times  larger  than  that  predicted  for  a gapless  cable,  which  may  in- 
dicate the  presence  of  significant  gaps  at  the  outer  conductor  interface. 
Although  no  gaps  were  visible  in  an  uncoiled  sample,  such  gaps  would  prob- 
ably have  been  created  when  the  large-diameter  cable  was  bent  in  a short- 
radius  coil. 

The  responses  of  cables  E,  F,  and  G were  all  positive,  consistent  with 
the  high-Z  center  conductors  of  these  cables.  The  MCCABE  predictions  for 
cables  E and  G,  based  on  the  nominal  2.  5 -pm  thickness  of  the  silver  plating, 
are  in  good  agreement  with  the  data;  predictions  assuming  that  the  center  con- 
ductor was  pure  silver  were  ~ 3x  larger. 

Cable  H,  the  141  copper  semirigid  cable,  gave  a bipolar  response  at  all 
test  spectra,  with  an  initial  negative  response  that  was  later  swallowed  by  a 
positive  pulse.  From  the  signal  polarity,  it  seems  reasonable  to  conclude 
that  this  was  caused  by  the  presence  of  air-filled  gaps  between  the  dielectric 
and  the  outer  jacket.  Since  no  gaps  were  detected  in  an  unbent  sample,  it 
would  again  appear  that  the  gaps  were  formed  when  the  cable  v/as  coiled. 
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presumably  because  the  teflon  was  pulled  away  from  the  outside  surface.  Un- 
like the  case  of  the  semirigid  cable  tested  in  Ref.  2,  however,  the  gaps 
showed  no  sign  of  pumping  out,  even  after  10  days  at  p < 10  p;  nor  did  the 
teflon  relax  after  fo-  several  hours  at  100“C  and  for  1 hour  at 

1 25  °C . 

Finally,  cable  J ga  e-  t.j «.  typical  negative  response  of  a gapless  cable. 
The  tape -wrapped  expand  id  teflon  dielectric  is  tightly  pressed  onto  the  center 
conductor,  and  the  foil  outer  conductor  is  tightly  wrapped  onto  the  dielectric; 
because  of  the  cable's  flexibility,  no  gaps  were  created  when  the  cable  was 
coiled.  The  response  was  ~2X  larger  than  that  of  an  equivalent  copper  cable 
because  of  the  enhanced  emission  from  the  silver-plated  surfaces. 
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VI.  DIELECTRIC-METAL  COMBINATIONS  IN  SEMIRIGID  CABLES 


In  all  readily  available  semirigid  coaxial  cables,  the  conductors  are 

high-Z  metals  and  the  dielectrics  are  low-Z  polymers.  For  such  cables, 

I 

electron  emission  from  the  metal  into  the  dielectric  is  always  much  larger 
than  that  in  the  other  direction.  (The  MCCABE  code  neglects  electron  emis- 
sion from  the  dielectric.  ) Even  in  the  aluminum -teflon  cables,  emission 
from  teflon  is  only  ~3 0%  of  that  from  aluminum  for  DPF  spectra.  Because 
of  this  large  unidirectional  electron  flux,  gaps  occurring  at  either  the  shield 
or  center  conductor  interface  greatly  affect  the  response  of  the  cable. 

The  net  electron  flux  can  be  reduced  by  selecting  a metal  and  a polymer 
with  matched  electron  emissivities . Simple  analysis  indicates  that  emission 
from  Matex,  an  aluminum -beryllium  alloy,  would  be  well  matched  to  that 
from  teflon;  however,  the  availability  and  the  physical  properties  of  Matex 
do  not  favor  fabrication  of  such  a cable.  Analysis  indicates  that  emission 
from  Kel-F  (C^CIF^)  would  be  well  matched  to  that  of  aluminum.  Measure- 
ments show  that  photoemission  from  Kel-F  is  ~83%  of  that  from  aluminum, 
while  Halar,  a copolymer  of  Kel-F  and  polyethylene,  has  a relative  emissivity 
of  ~70%.  Semirigid  cables  with  either  of  these  dielectrics  should  have  lower 
X-ray  responses,  since  the  net  driving  current  at  each  interface  will  be 
reduced. 
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VII.  CONCLUSION 


A 


The  X-ray  responses  of  the  semirigid  cables  studied  were  determined 
primarily  by  gaps  produced  during  fabrication  or  handling,  high-Z  metal 
flashings  on  the  center  conductor,  and  differences  in  emission  between  the 
shield  and  the  center  conductor.  The  MCCABE  code,  capable  of  incorporating 
gap  widths  and  flashing  thicknesses  into  its  analysis  of  semirigid  cable  re- 
sponse, can  closely  predict  the  response  of  these  cables.  Semirigid  cables 
with  X-ray  responses  lower  than  those  observed  in  this  study  can  be  obtained 
through  careful  selection  of  conductor  and  dielectric  and  improved  fabrication 
techniques . 
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APPENDIX 


AN  APPROXIMATE  TREATMENT  OF  THE  EFFECTS  OF  FINITE 
FLASHING  THICKNESS  ON  ELECTRON  TRANSPORT 


The  objective  here  is  to  develop  an  approximate  expression  for  the 
emission  efficiencies  from  a conductor  when  the  flashing  thickness  is  less 
than  an  electron  range  thick.  The  starting  point  is  the  one-dimensional 
Spencer- Lewis  transport  equation,  with  a monochromatic  source  of  electrons 
and  without  the  collision  terin 


)s  0 -3—  + 
dz 


f = 6 ( s ) FNo 


where  f(r,Q,  s)  is  the  number  of  electrons  per  unit  solid  angle,  time, 
residual  path  length,  and  volume  and  where  the  path  length  s is  defined  as 


/l'max  IdEI  _1 
dE|dT| 


r (E  ) - r(E) 
' max 


where  p is  the  density,  dE/dx  the  stopping  power,  and  r the  range  in  g/cm 
(cf.  Fig.  A-l).  In  addition,  F is  the  monochromatic  incident  number  flux 
of  photons  of  energy  E;  N is  the  atomic  number  density;  and  o is  the  atomic 
differential  cross  section  for  photon-electron  scattering.  The  right-hand 
side  of  (1)  represents  the  source  term  in  the  equation  (i.  e.  , the  number  of 
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electrons  created  per  unit  time,  solid  angle,  and  volume),  and  Eniax  is 
the  maximum  electron  energy  (E  minus  the  binding  energy). 

We  will  make  the  following  assumptions: 

1.  N and  p are  constants,  obtained  by  averaging  over  the 
conductor  materials  in  question. 

2.  F,  the  photon  flux,  is  independent  of  r'  over  the  region 
of  interest. 

3.  The  electron  ranges  in  both  conductors  are  the  same. 

4.  The  omission  of  the  collision  term  in  the  equation  will  be 
taken  into  account  by  the  use  of  bulk  emission  efficiencies 
of  Dellin- MacCallum  rather  than  the  "bare"  efficiencies 
described  below. 


Fig.  A - 1 . Definition  of  the  Distribution  Function 
f(?,  fl,  s),  Where  f(dfl)  (ds)Ai  Is  the 
Number  Transported  Into  the  Volume 
per  Second 
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We  solve  (1)  for  the  case  of  three  slabs  of  material  (Fig.  A-2).  We 
are  interested  first  in  the  case  of  cos  9 > 0,  i.  e.  , forward  going  electrons. 
The  boundary  conditions  (cf.  Fig.  A-2)  are: 


f = 0 at  z = 0. 


f is  continuous  at  the  interfaces. 


The  first  condition  merely  expresses  the  fact  that  no  forward  electrons  are 
created  at  the  left  of  the  first  slab.  The  formal  solution  for  the  distribution 
function  for  the  it^1  slab  is 


OBSERVATION 

POINT 


Fig.  A-2.  Slab  Model  for  Defining  Boundary  Conditions  for 
Forward -Going  Electrons 


r 

If  we  allowed  for  different  densities  of  material,  the  second  boundary 

condition  would  be  p.  ^ f.  = p~*  f.  .. 

l Hi  + 1 l + l 
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f. 
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FN  'H(s)  a 


, - t 


j + 1 


- (1  - 6..)  o. 

lJ  i-JJ 


i-  1 


s cos  a - (z  - L.  . ) - ( 1 - 6 . . ) V (L.  - L.  . ) 

i-l  j 1 / j i l-l 

k-i  + l-j 


(3) 


where  H is  the  step  function. 

For  an  infinite  homogeneous  media,  f H(s)FNo,  and  the  number  of 
electrons/time  • area  moving  forward  per  unit  photon  flux  (i.  e.  , the  yield) 
is 


,(<*>) 


tJ  '>d'/ dQf  t( 

n forma  r*H  in 


dQ  a 


forward 

angles 


forward 

angles 


(-4) 


Next,  we  want  to  compare  this  expression  with  the  exact  expression 
generated  at  the  observation  point,  z - in  Fig.  A-2.  In  this  case 

f2  ('■  0,  s)  FN  [H(s)cr2  + (a  -o,)  II  (s  cos  0 - D) ] (5) 

If  we  approximate  cos  0 by  unity  in  this  expression,  we  obtain  a simple 
expression  for  the  electron  photon  yield,  in  terms  of  that  for  the  infinite 
homogeneous  media  associated  with  slabs  1 and  2 
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f2  (z  l2,  n,  s) 


F 


dQ 

forward 

angles 


= e 


(oo) 


(•r 


pD) 


(6) 


Here,  D = - Lj,  the  flashing  thickness. 

The  significance  of  the  expression  is  as  follows:  if  the  flashing  thick- 
ness D is  greater  than  an  electron  range,  e = e^  \ i.c.  , the  flashing  is  the 
emitter.  If  D is  less  than  an  electron  range 


e 


+ e 


(oo) 


, pD  < r 


(7) 


(oo  \ 

Then  the  yield  e^  (i.  e.  , of  the  material  without  the  flashing)  is  "corrected" 
by  an  amount  determined  by  the  difference  in  bulk  efficiencies  of  both 
materials,  as  well  as  the  flashing  thickness  and  range. 

Although  (7)  was  derived  from  the  Spencer- Lewis  equation  without 
the  appropriate  collision  term,  in  (6)  we  use  the  Dellin-MacCallum  yields 
that  have  these  terms  in  them,  and  our  results  to  some  extent  have  been 
correctly  renormalized. 

A similar  expression  results  for  the  backward  emission. 
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THE  IVAN  A.  GETTING  LABORATORIES 


The  Laboratory  Operations  of  The  Aerospace  Corporation  is  conducting 
experimental  and  theoretical  investigations  necessary  for  the  evaluation  and 
application  of  scientific  advances  to  new  military  concepts  and  systems.  Ver- 
satility and  flexibility  have  been  developed  to  a high  degree  by  the  laboratory 
personnel  in  dealing  with  the  many  problems  encountered  in  the  nation's  rapidly 
developing  space  and  missile  systems.  Expertise  in  the  latest  scientific  devel- 
opments is  vital  to  the  accomplishment  of  tasks  related  to  these  problems.  The 
laboratories  that  contribute  to  this  research  are: 

Aerophysics  Laboratory:  Launch  and  reentry  aerodynamics,  heat  trans- 
fer, reentry  physics,  chemical  kinetics,  structural  mechanics,  flight  dynamics, 
atmospheric  pollution,  and  high-power  gas  lasers. 

Chemistry  and  Physics  Laboratory:  Atmospheric  reactions  and  atmos- 
pheric  optics,  chemical  reactions  in  polluted  atmospheres,  chemical  reactions 
of  excited  species  in  rocket  plumes,  chemical  thermodynamics,  plasma  and 
laser-induced  reactions,  laser  chemistry,  propulsion  chemistry,  space  vacuum 
and  radiation  effects  on  materials,  lubrication  and  surface  phenomena,  photo- 
sensitive materials  and  sensors,  high  precision  laser  ranging,  and  the  appli- 
cation of  physics  and  chemistry  to  problems  of  law  enforcement  and  biomedicine. 

Electronics  Research  Laboratory:  Electromagnetic  theory,  devices,  and 
propagation  phenomena,  including  plasma  electromagnetics;  quantum  electronics, 
lasers,  and  electro-optics;  communication  sciences,  applied  electronics,  semi- 
conducting, superconducting,  and  crystal  device  physics,  optical  and  acoustical 
imaging;  atmospheric  pollution;  millimeter  wave  and  far-infrared  technology. 

Materials  Sciences  Laboratory:  Development  of  new  materials;  metal 
matrix  composites  and  new  forms  of  carbon;  test  and  evaluation  of  graphite 
and  ceramics  in  reentry;  spacecraft  materials  and  electronic  components  in 
nuclear  weapons  environment;  application  of  fracture  mechanics  to  stress  cor- 
rosion and  fatigue-induced  fractures  in  structural  metals. 

Space  Sciences  Laboratory:  Atmospheric  and  ionospheric  physics,  radia- 
tion from  the  atmosphere,  density  and  composition  of  the  atmosphere,  aurorae 
and  airglow;  magnetospheric  physics,  cosmic  rays,  generation  and  propagation 
of  plasma  waves  in  the  magnetosphere;  solar  physics,  studies  of  solar  magnetic 
fields;  space  astronomy,  x-ray  astronomy;  the  effects  of  nuclear  explosions, 
magnetic  storms,  and  solar  activity  on  the  earth's  atmosphere,  ionosphere,  and 
magnetosphere;  the  effects  of  optical,  electromagnetic,  and  particulate  radia- 
tions in  space  on  space  systems. 
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